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In t roduc t ion  
This paper w i l l  b r i e f l y  o u t l i n e  s e v e r a l  new l a s e r  measurement 

~ t echniques  which w e  have developed f o r  t h e  a n a l y s i s  of exc i t ed  elec- 
r o n i c  states of  diatomic molecules. For molecules which have bound 
ground states,  a v i s i b l e  l a s e r  i s  used t o  s e l e c t i v e l y  e x c i t e  a s i n g l e  
v i b r a t i o n - r o t a t i o n  l e v e l  i n  t h e  e l e c t r o n i c  s ta te  of i n t e r e s t .  We then  
use DC S t a r k  e f f e c t ,  RF double resonance and va r ious  f luorescence  
techniques ,  as d iscussed  i n  Sec t ions  I and 11, t o  o b t a i n  e x c i t e d  s t a t e  
d i p o l e  moments, lifetimes, quenching c r o s s  s e c t i o n s ,  t r a n s i t i o n  moments- 
as  a func t ion  of i n t e r n u c l e a r  d i s t a n c e ,  and o t h e r  molecular s t r u c t u r e  
da t a .  W e  have a l s o  developed new l a s e r  e x c i t a t i o n  techniques  and used 
o p t i c a l  double resonance methods f o r  excimer molecules which have . 

r e p u l s i v e  ground states a n d - a r e  bound on ly  i n  t h e i r  e x c i t e d  s t a t e s .  
These techniques ,  d i scussed  i n  Sec t ions  I11 and I V ,  have been used t o  
o b t a i n  p o t e n t i a l  energy curves,  f -  v a l u e s ,  l i f e t i m e s  and va r ious  k i n e t i c  
r a t e s .  

I. - D .  C. STARK EFFECT AND R-F DOUBLE mSONANCE 
To determine t h e  d i p o l e  moment of e l e c t r o n i c a l l y  exc i t ed  molecules,  

an argon i o n  l a s e r  was used t o  e x c i t e  t h e  C Il s t a t e  i n  t h e  NaK molecule, 
RF and DC e l e c t r i c  f i e l d s  were app l i ed  and t h e  r e s u l t i n g  f luo rescence  
was analyzed i n  terms of a f a i r l y  s t r a i g h t f o r w a r d  t h e o r e t i c a l  model. 

It w a s  found") t h a t  t h e  488  nm argon l a s e r  l i n e  would produce a 
f a i r l y  l a r g e  popula t ion  i n  t h e  ( v ' ,  J') = ( 7 ,  2 4 )  l e v e l  v i a  t he  ( V I ,  

J') + (v" ,  J")  t r a n s i t i o n  ( 7 ,  2 4 )  + (1, 23)  and t h e  4 9 6 . 5  nm l i n e  
popula tes  t h e  ( 7 ,  5 )  l e v e l  v i a  t h e  t r a n s i t i o n  (7, 5 )  + ( 4 , s ) .  

s t a t e  of N a K  is  w e l l  descr ibed  by Hunds c a s e  a and each r o t a t i o n a l  

l e v e l c o n s i s t s  of two c l o s e l y  spaced s t a t e s  of  oppos i t e  p a r i t y  

( A  d o u b l e t s ) .  

a d e f i n i t e  p a r i t y ,  t h e  l a s e r  induced t r a n s i t i o n  ( V ' J ' )  + ( v " , J " )  W i l l  

e x c i t e  o n l y  one member of t h e  A doub le t  (due t o  t h e  P a r i t y  s e l e c t i o n  

1 

The C'Il 

Since each r o t a t i o n a l  l e v e l  i n  t h e  ground s t a t e  has 
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I n  an  unperturbed molecule,  the Jq = 5 s t a t e  g i v e s  r ise  t o  a v" f l u o r e s -  , 

c e n t  series of Q l i n e s  ( t h e  Pe7and 
p a r i t y )  and t h e  J" = 24 s t a t e  g i  
If t h e  e x c i t e d  molecules are per turbed  by a weak e lec t r ic  f i e l d  (10-100 
vol ts /cm) f o r  J' = 5 and a s t r o n g  f i e l d  (5000V/cm) for J'= 2 4 ,  t h e  A - 

doub le t  s t a t e s  are mixed, some popula t ion  i s  t r a n s f e r r e d  t o  t h e  s t a t e  
of  o p p o s i t e  p a r i t y ,  and t h e  p a r i t y  forb idden  t r a n s i t i o n s  begin t o  
appear. Figure (I) shows t h e  f luorescence  nea r  556  nm wi th  the e lec t r ic  

? 
a n s i t i o n s  being forb idden  by 
se t o  a series of P and R l i n e $ .  

a .  

L 

V ' - 7  J ' - 2 4  
V'-24 . 

m i d  .. 
X M O V l c m  

Fig.  1 E f f e c t  of Electr ic  F i e l d  on Fluroescence S igna l  f o r  NaK 
( a )  J' = 5 (b) J' = 24 

f i e l d  on and o f f .  F igu re  ( 2 )  shows t h a t  t h e  i n t e n s i t y  of t h e  p a r i t y  
forb idden  l i n e s  i n c r e a s e s  wi th  t h e  M: e lec t r ic  f i e l d  s t r e n g t h  u n t i l  t h e  

popula t ion  i n  t h e  two s t a t e s  o f  oppos i t e  p a r i t y  i s  equal ized .  A theo- 
r e t i c a l  a n a l y s i s  o f  t h i s  experiment ( 2 r 3 )  

propor t iona l  t o  an express ion  of t h e  form: 

I = X M  F(M) G(M) X ( M I /  

shows t h a t  t h i s  i n t e n s i t y  is 

1 + X (M) 2 1  
X(M) = 2vEM/bJ(J + 1) 

where F and G are matrix elements(2) t h a t  depend on t h e  l a s e r  pola-  

r i z a t i o n  and d e t e c t o r  p o s i t i o n ,  u denotes  t h e  e x c i t e d  s t a t e  d i p o l e  
and 6 t h e  s p l i t t i n g  of t h e  A doub le t  (energy spac ing  between s t a t e s  Of 

oppos i t e  p a r i t y ) .  Since t h e  DC e lec t r ic  f i e l d  s t r e n g t h ,  E is known, 
t h i s  measurement p rov ides  ( p / 6 ) ;  ou r  s t a t i s t i c s  i n d i c a t e  t h a t  t h e  
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accuracy of th$S r a t i o  i s  t h e  o r d e r  of 2%. 

r.f.  e lec t r ic  €$el-d and sweeping t h e  frequency t o  f i n d  t h e  resonance. 

We measure 6 by apply ing  an  
? i:. 

~ '1 

3.5 I I I 

- 

- 
Leost Squores Fit 
Meosured Points 

Fig.  2 I n t e n s i t y  of J '  = 5 P-Branch of N a K  as a f u n c t i o n  of e lectr ic  
f i e l d .  

The shape of t h i s  resonance s i g n a l  shown i n  F ig .  3 is determined by t h e  

I 
Frruuency , YHI 2s 

Fig.  3 Resonance s i g n a l  f o r  A-doublet s p l i t t i n g  of NaK f o r  J' = 5 
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u s u a l  r a d i a t i v e  and c o l l i s i o n a l  l i f  e d a t a  have n o t  y e t  

been e x t r a c t e d  s ince  t h e  l i n e  is a 1  adened by t h e  r.f. 
e lec t r ic  f i e l d ;  a n  a n a l y s i s  of  t h e s e  d a t a  is  c u r r e n t l y  i n  progress .  

11. VARIATION OF TMNSITION MOMENT WITH INTERNUCLEAR DISTANCE 

Another measurement technique w a s  developed t o  o b t a i n  t h e  v a r i -  
a t i o n  of  t h e  e l e c t r o n i c  t r a n s i t i o n  d i p o l e  moment a s  a func t ion  of 
i n t e r n u c l e a r  d i ~ t a n c e ' ~ ) .  
'1 
<v ' IRIv"> .  
i n t e r n u c l e a r  d i s t a n c e  r, 

The A va lue  f o r  t h e  t r a n s i t i o n  
v " J "  + 'IIUv'J' i s  p r o p o r t i o n a l  t o  t h e  square of t h e  ma t r ix  element 

9 
W e  assume t h a t  R ( r )  can be expanded i n  powers of t h e  

R ( r )  = Ro + a r + B rL + ..., 

t h e  m a t r i x  e lements  <v '  lrn1v' '> are c a l c u l a t e d  us ing  t h e  known N a 2  

w a v e f ~ n c t i o n s ( ~ )  and t h e  expansion c o e f f i c i e n t s  R o ,  a ,  6, e tc  a r e  
determined by comparison wi th  experiment. For example t h e s e  coef- 
f i c i e n t s  may be  determined by a l e a s t  squares  f i t  t o  t h e  measured 
l i f e t i m e s ( 4 )  T ; ~  = Zv,,J,,A(v'J'  , v " J " )  f o r  v a r i o u s  v i b r a t i o n a l  l e v e l s .  
The c o e f f i c i e n t s  a ,  B ... may a l s o  be determined by a l e a s t  squares  f i t  
t o  t h e  i n t e n s i t i e s I ( v ' ,  v") of  a v"  f luo rescence  series ( s i n c e  I i s  
p r o p o r t i o n a l  t o  t h e  A v a l u e ) .  

s i t ies  o f  two v" f luo rescence  s e r i e s ' l )  e x c i t e d  by t h e  488 run and 476.5 
run argon l a s e r  l i n e s  and used t h e  l i f e t i m e  d a t a  of  Baumgartner, Demtroder, 
and Stock. These t h r e e  independent de t e rmina t ions  of R o ,  a ,  6 gave f o r  
t h e  Z g  + l l IU t r a n s i t i o n  i n  N a 2 ,  Ro = 6.8 2 0.2D; a = 0 . 4  2 0 . 1  D/B; 

t h e o r e t i c a l  c a l c u l a t i o n  by Tango and Zare; a more a c c u r a t e  ab  i n i t i o  
c a l c u l a t i o n  of R ( r )  i s  c u r r e n t l y  i n  p rogres s .  Our r e s u l t s  disagreed 
r a d i c a l l y  wi th  an a n a l y s i s  by Cal lender ,  e t .  a l .  ( 6 )  who used a somewhat 
d i f f e r e n t  technique,  b u t  r e c e n t  changes ( 7 )  i n  t h e i r  a n a l y s i s  have i m -  
proved t h e  agreement cons ide rab ly .  

To demonstrate  t h i s  measurement technique,  we measured t h e  in t en -  

B < 0 . 1  a .  These r e s u l t s  are  in q u a l i t a t i v e  agreement wi th  a crude 

III. EXCIMER MOLECULES - LASER PUMPING 

FROM THE GROUND STATE 

Excimer molecules are of c u r r e n t  i n t e r e s t  ( * )  as  high power l a s e r  

cand ida te s .  These molecules are d i f f i c u l t  t o  s tudy  by convent ional  
spec t roscop ic  methods because of t h e i r  r e p u l s i v e  ground s t a t e .  Ac-  

t u a l l y  many excimers 'have a s m a l l  ground s t a t e  w e l l  produced by Van d e r  
Waals a t t r a c t i o n  b u t  t h i s  w e l l  i s  so shal low ( u s u a l l y  a few hundred c m - l )  
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and lies at such large internuclear distances that conventional absorp- 
tion spectroscQpyprovides very little information about the excited ? 
states. We have therefore developed new laser measurement techniques 
for studying this class of molecules; these techniques have been applied 
to Hg2 as an example. 

Previous analyses of electronically excited Hg2 could be divided 
into three categories (1) low density (less than 3x1Ol6 Hg atoms/cm ) 

optical excitation in which the atomic resonance line is used to 
excite the 6 3 P l  atomic state which then produces excited Hg2 via three 
body recombination. (2) low pressure discharge excitation and ( 3 )  high 
energy (MeV) electron beam excitation at atomic densities greater than 
3 x lOl*~m-~. 
pressures because of optical depth problems and at low pressures the 
nolecular formation rate is quite slow: this rate can be enhanced by 
adding N2 but the presence of a foreign gas complicates the analysis of 
the Hg2 molecular structure and Kinetics. 
electron beam excitation are inhibited by the presence of too many 
lines emitted by highly excited-ions and neutrals. We have therefore 
developed a highly selective laser excitation scheme in which the 
253.7 nm mercury resonance line is pumped in the line wing at 257.2 nm 
using the 15 mW output of a doubled Argon ion laser. There is no 
optical depth problem in the line wings and we have used this technique 
to selectively excite the 6 3Pl state at pressures up to several a&os- 
?heres where the molecular formation rate is very high. Figure 4 shows 
a typical laser induced fluorescence spectrum of the Hg2 
Two continuous bands are emitted, one centered at 335 nm and the other 
at 485 nm. For high temperatures (T > 575K) and high densities 
(N > 10 

3 

The resonance lamp excitation is restricted to low 

Electric discharge and 

molecule. 

17 c~n-~) it was found that, for any two wavelengths, X1 and X2 
in these bands, the ratio of intensities R = I(X1)/I(X2) is an expo- 
nential function of temperature of the form exp(AE12/kT). 
it was argued that the states emitting these bands are in thermal 
equilibrium at these high temperatures and densities: a theoretical 
analysis based on this argument shows that AE12 equals the difference 
in energy between the states which emit at the wavelengths X1 and X2. 

for these electronic states by plotting log R versus l/kT for several 

In ref. (19) 

Thus it was possible to map out the potential curves and the f-values 

of l1 and x2. In addition, from the pressure and temperature 

dependence of both steady state and time dependent molecular fluorescence 
the basic kinetics of the pure Hg2 system has been analyzed. 
further details, see reference 9. The effect of the buffer gases He, 
k, Xe and N2 was studied f o r  buffer gas densities ranging from zero to 

For 
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1 0 ~ ~ ~ ~ - ~  and mercury densities ranging from 3 x to 1 x 10 20 cm-3. 
- 

Except for some minor changes in diffusion rates there were no observes 
effects due to the buffer gases when 
greater than 5 x 10 17 
Hg2 laser design and could not be inferred from low pressure fluorescence 
data. 

atom density was 
are very important for Results s 

c 

Fig. 4 Hercury fluorescence spectrum at var'ous temperatures for a 
fixed atomic density of 2 x 1018 cm- 3 . 

IV. EXCIMER MOLECULES - LASER OPTICAL. 
DOUBLE RESONANCE TECHNIQUE 

The above excitation scheme can be used to create a high steady 

state excimer density (approximately 10 12cm-3 ) in the manifold of 

excimer population can then be probed by a second laser to look for 
states which arise from the 6 3 Po and 6 3 P1 atomic states. This 
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exci ted  s t a t e  abso rp t ion  or g a i n  on t r a n s i t i o n s  t o  t h e  ground 

;he exc i ted  s t a p  f luo rescence  induced by t h e  probe l a s e r  can 
, **  

s t a t e .  

then  be 

*:sed t o  map o u t r b g h e r  e l e c t r o n i c  states i n  a sys t ema t i c  manner. 
Zhopping t h e  probe l a s e r  and measuring t h e  phase l a g  of t h e  exc i t ed  
s t a t e  f luorescence  one can  measure va r ious  i n e l a s t i c  r a t e s  f o r  s p e c i f i c  
exci ted e l e c t r o n i c  s t a t e s .  

By 
? _ I  

T h u s  f a r ,  we have made fou r  types  o f  measurements us ing  t h i s  ex- 

(1) The 15  mW ou tpu t  of  t h e  pump l a s e r  a t  257.2 nm was t i g h t l y  
The second 

cited s t a t e  f luorescence  technique:  

focused t o  
z toton appa ren t ly  e x c i t e s  o n l y  r e p u l s i v e  s t a t e s  which d i s s o c i a t e  t o  
i i ~ ( 7  *3S,) s i n c e  t h e  only new f luo rescence  f e a t u r e s  observed were 
atomic t r a n s i t i o n s  r e s u l t i n g  from t h a t  s t a t e  a s  seen by t h e  sp ikes  a t  
404.6, 435.8 and 546.0 nm i n  F ig .  4 .  

( 2 )  A 1 w a t t  488 nm argon l a s e r  l i n e  was used a s  a probe l a s e r .  
.?he probe l a s e r  was chopped and focus_ed t o  10-2cm2 c o l i n e a r l y  wi th  t h e  
257.2 nm pump laser a s  shown i n  Fig:  5. The modulated f luorescence  
s i g n a l  was measured with a l ock  i n  d e t e c t o r  and t h e  modulated s i g n a l  

c m 2  and two photon pumping was observed.  

Spectrometer 

Chopper 

Fig. 5 Experimental  s e t u p  f o r  o p t i c a l  double  resonance experiment.  

i s  given by t h e  dashed curve  i n  F ig .  6 ( t h e  s o l i d  curve g i v e s  t h e  
unmodulated f luorescence  f o r  comparison);  a p o s i t i v e  s i g n a l  corresponds 
t o  an inc rease  i n  f luo rescence  when t h e  probe l a s e r  i s  on, s i m i l a r l y  a 
negat ive s i g n a l  corresponds t o  a dec rease  i n  f luorescence  i n t e n s i t y  due 
t o  t h e  p r o b e - l a s e r .  The probe l a s e r  reduced t h e  f luo rescence  i n t e n s i t y  
a t  a l l  wavelengths except  225 nm, 235 nm, 254 nm and 488 nm. The 
l a t t e r  i s  due simply t o  t h e  s t r o n g  s c a t t e r e d  l i g h t  from t h e  probe 

l a s e r ,  b u t ,  under high r e s o l u t i o n ,  t h e  225 run ( 2 0  run wide) and 254  nm 
(1 nm wide) f e a t u r e s  prove t o  be h igh ly  s t r u c t u r e d  molecular  bands and 
t h e  narrow emission f e a t u r e  a t  235 nm seems t o  be a Rydberg band. All 
bands w i l l  be analyzed t o  g i v e  molecular  c o n s t a n t s  f o r  t h e  exc i t ed  
s t a t e s  involved.  
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Fig.6 Hg2 fluorescence signal with and without lock-in detection. 

(3) A 1 mW HeCd laser at 325 nm focused to 10-2cm2 gave no new 
fluorescence? Recent ab-initio calculations ( lo) in Mg2 may be used to 
infer the structure of corresponding states in HgZ and this approach 
also indicates that there is no excited state absorption near 325 nm. 
This result is very important since the 335 nm Hg2 fluorescence band 
is a serious laser candidate and the presence of excited state ab- 
sorption in this vicinity would inhibit laser action. 

no alteration in the steady state fluorescence was produced. This 
wavelength was tried because our measurements of the Hg2 molecular 
structure showed that the two principal fluorescence bands at 335 nm 
and 4 8 5  nm are emitted by electronic states which are separated by 
6500 cm . The presence of nonradiating (gerade) states nearby in- 
dicated that the Nd laser might be absorbed off  resonance and thereby 
alter the populations in the states radiating at 335 nm and 4 8 5  run. 
The null result obtained by this measurement probably indicates that 
vibrational equilibration rates exceed the off resonance pump rate. 

on the highly selective nature of laser excitation as well as the high 

( 4 )  A 1 watt Nd YAG laser at 1.06 pm was focused to 0.04 cm2 but 

1 

It should be emphasized that all of the above experiments relied 
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c 

mwer density which is obtainable with many visible lasers. 
lasers become available and more new fluorescence techniques are 
adapted to thei’r use, it will no doubt be possible to obtain a great 
deal of highly .specific data on molecular structure and excited state 
kinetics for electronically excited molecular states. 

As more 
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